INTRODUCTION
Tumor vessel structure differs from normal vessel structure in terms of short lumen diameter, irregular sprouting, and poor tight junction formation. This leads to leaky tumor vessels with low blood flow (Jain, 2014) . These tumor microenvironments (TMEs) lead to hypoxia and high interstitial pressure, wherein immune cells exhibit impaired cytotoxicity and pathogen recognition systems. Therefore, repair of blood vessel function and normalization of the microenvironment in tumors are expected to enhance anti-tumor immunity (Quail and Joyce, 2013; Tian et al., 2017; Park et al., 2016) .
Macrophages (M4s) are the most abundant immune cells in tumors (Movahedi et al., 2010) . Moreover, tumor M4s, referred to as tumor-associated macrophages (TAMs), have been canonically classified into the inflammatory (M1) or anti-inflammatory (M2) phenotype. M1 M4s are characterized as having high phagocytic ability and inhibitory activity toward tumor growth (Guerriero et al., 2017) . In contrast, M2 M4s, which are strongly polarized by the TME, promote tumor progression and metastasis (Henze and Mazzone, 2016; Mosser and Edwards, 2008) . In addition, M2 M4s exclude cytotoxic lymphocytes from tumors such as lung carcinomas, melanomas, and colorectal carcinomas, which are classified as TAMabundant tumors exhibiting a low number of T cells. These phenomena are associated with tumor malignancy and result in therapeutic resistance (Binnewies et al., 2018) . Therefore, there is a need for new therapeutic strategies against these tumors.
Hypoxia inducible factors (HIFs) are master regulators of the cellular response to hypoxia (Imtiyaz and Simon, 2010) . HIF stability is post-transcriptionally regulated by oxygen availability through prolyl hydroxylase (PHD). If the oxygen concentration is reduced, PHDs become inactive, resulting in HIF accumulation (Semenza, 2012) . HIF-1 is widely expressed and is detected in virtually all innate and adaptive immune populations including M4s. For M4s, the function of HIF-1 is to increase aggregation, invasion, and motility and drive the expression of proinflammatory cytokines (Nizet and Johnson, 2009; Palazon et al., 2014) . Conversely, for cancer cells, HIFs control the expression of crucial genes involved in proliferation and metastasis of cancer cells (Keith et al., 2011) . Therefore, the effect of simultaneously raising HIF levels in both immune cells and cancer cells on tumors remains unclear. Moreover, some reports have argued that normalization of tumor vessels results in accelerated tumor progression (Du et al., 2008; Stockmann et al., 2008) . Therefore, it is also unclear whether vessel normalization is beneficial for tumor progression. In this study, we examined the effect of the PHD inhibitor on tumor growth by administering , which is currently under investigation in a phase 3 clinical trial for the treatment of anemia in chronic kidney disease (Besarab et al., 2016; Provenzano et al., 2016) .
RESULTS

FG Treatment Inhibits Tumor Growth in Lewis Lung Carcinoma and B16F10 Tumors
To examine the effects of the PHD inhibitor on tumors, we used a syngeneic murine tumor model of the Lewis lung carcinoma (LLC) cell line. FG-treated mice showed significantly inhibited tumor growth ( Figures  1A-1C ) that was dose-dependent (Figures S1A and S1B). To examine whether this tumor growth inhibition was also exhibited in other tumor models, B16F10 melanoma and MC38 colon tumor models were used. B16F10 tumor growth was significantly inhibited by FG treatment (Figures 1D-1F ), but there were no significant differences in inhibition in the MC38 tumor model ( Figures S1C and S1D ). Furthermore, repeated FG treatment inhibited tumor growth and prolonged survival; however, the tumor regrew on day 22 after a single FG treatment (Figures 1G and 1H) . To determine whether FG induced apoptosis or inhibited proliferation of tumor cells, tumor tissues were stained with anti-cleaved caspase 3 and anti-Ki-67 antibodies ( Figures 1I-1L and S1E-S1H) and a cell proliferation assay was performed in vitro ( Figure S1I) ; these experiments revealed no significant differences after FG treatment. Therefore, FG treatmentinduced tumor growth inhibition was not due to apoptosis or inhibited proliferation in tumor cells. We also analyzed cytokine concentrations in blood plasma and found that the cytokine signatures remained largely unaffected by FG treatment ( Figure S1J ). Taken together, these results suggest that FG may not directly affect tumor cells and plasma cytokines.
FG Treatment Improves TME
To investigate the indirect ways in which FG might inhibit tumor growth, we tested whether FG affected tumor vessels and the TME; TME normalization is known to have an anti-tumor effect and can reeducate immune cells (Quail and Joyce, 2013) . Remarkably, we found that FG treatment drastically altered vessel structures, as tumor vessel density was significantly decreased, whereas the vessel luminal area was increased (Figures 2A and 2B) . We then examined the reversibility of this alteration and found that tumor vessel structure of one-time FG-treated tumors reverted to that of vehicle control tumor vessels on day 19 (Figures S2A and S2B); however, tumors treated with FG repeatedly sustained normal vessel structure even by day 23 (Figures S2C and S2D) . To assess vessel maturation, we examined tight junction formation and pericyte coverage rate with ZO-1 and NG2, respectively, whose levels were significantly increased after FG treatment . We also evaluated the effect of FG treatment on vessel structure in other tumor models and found that the B16F10 tumor model also exhibited changes to vessel structure following treatment (Figures S2E and S2F) . Even the MC38 tumor model, in which no significant difference in tumor growth inhibition was observed after FG treatment, showed changes in vessel structure (Figures S2G and S2H) . To assess whether the reconstituted tumor vessel had normal function, we evaluated tumor vessel function with high-molecular-weight dextran. Tumor tissue perfusion was recovered after FG treatment ( Figure 2G , low-power field). Dextran leakage was observed in the vehicle controls as a hazy green area; in contrast, FG-treated tumor vessels showed recovered vessel function ( Figure 2G , high-power field). Furthermore, hypoxic regions were significantly reduced in FG-treated mice (Figures 2H and 2I) . Taken together, these results suggest that FG treatment induces TME improvement through tumor vessel normalization. Figure S1 . analyzed other immune cell contents in circulating blood and tumor tissue and found no significant differences between vehicle and FG treatment ( Figures S3E and S3F ).
Further analysis was carried out on this tumor-infiltrating M4 population, which would be polarized into M1 or M2 M4s, by using CD80 as an M1 marker and CD206 as an M2 marker (Muller et al., 2017) . However, these markers were expressed in both vehicle-and FG-treated tumor M4s, and there were no differences between M4s in either treatment group ( Figure S3A ). As recent studies demonstrated that TAMs simultaneously express both M1 and M2 markers (Azizi et al., 2018; Muller et al., 2017; Peterson et al., 2016) , we focused on other cell surface markers, whose expression levels reflected the differentiated state of TAMs. Most TAM subpopulations arise from the Ly6C + population of circulating monocytes. Ly6C is downregulated during the differentiation of monocytes into TAMs (Franklin et al., 2014) ; however, there have been few reports on how the functions differ when TAMs are subdivided by Ly6C. Therefore, we divided these tumor-infiltrating M4s using Ly6C into three populations, Ly6C hi , Ly6C lo , and Ly6C neg ( Figure S3A ). The Ly6C lo M4 ratio in the total M4 population increased by FG treatment ( Figure 3F ). Moreover, the morphology of Ly6C lo M4s from FG-treated tumors was different from Ly6C lo M4s from vehicle-treated tumors ( Figure S3B ). It is possible that these M4s formed phagosomes.
We also analyzed tumor-infiltrating immune cells in the B16F10 and MC38 tumor models. The ratio of Ly6C M4 fractions in the B16F10 tumor showed a similar tendency as the LLC mouse tumor-infiltrating M4s ( Figures 3G and 3H ). However, the ratio of tumor-infiltrating Ly6C M4 fractions in the MC38 tumor, in which no significant difference in tumor growth occurred after FG treatment, was different than that of the LLC and B16F10 tumors ( Figures S3G and S3H ). T cell infiltration to the tumor was lower in the LLC mouse model than in B16F10 and MC38 ( Figures 3C, 3I , and S3I). In addition, T cells showed a slightly activated profile in the tumor tissues ( Figure S3K ) and circulating blood ( Figure S3M ) of B16F10 tumor-bearing mice after FG treatment compared with that of the LLC mouse model (Figures S3J and S3L) . Therefore, we selected the LLC mouse model for further experiments to focus on tumor-infiltrating M4s.
Among the three different tumor inoculation models, vascular normalization by FG was qualitatively similar, whereas tumor growth inhibition by FG was evident in the LLC model and B16F10 model but not in the MC38 model. Such differences may arise from the population of infiltrating M4s. Therefore, we examined whether FG affected the ability of tumor-infiltrating M4s to inhibit tumor growth. To test this, tumor-infiltrating M4s were depleted by liposome clodronate before FG administration. Liposome control and FGtreated tumors showed inhibited tumor growth compared with that of vehicle-treated tumors. However, tumor growth was not significantly different between the vehicle-and FG-treated tumors in the clodronate treatment group ( Figure 3J ). M4 depletion efficiency was evaluated by immunostaining; M4s showed an approximate 80% depletion compared with that in liposome control tumor tissues and spleen (Figures 3K, 3L, and S3N) . These results indicate that FG affects the ability of tumor-infiltrating M4s to inhibit tumor growth.
FG Treatment Inhibits Tumor Growth through M4s via the PHD-HIF Axis
PHD inhibitors impair prolyl hydroxylation and proteasome degradation of HIFs, which results in upregulation of the HIF signaling pathway (Hoppe et al., 2016) . Therefore, we examined whether the FG-induced inhibition of tumor growth resulted from inhibition of the PHD-HIF axis. To genetically mimic the FG drug reaction, M4-specific Von Hippel Lindau (VHL)-knockout mice (VHL fl/fl LysM-Cre) were employed; VHL fl/fl LysM-Cre exhibits HIF upregulation (Kaelin, 2008) . An LLC tumor transplantation model of VHL fl/fl LysM-Cre mice exhibited similar results as the FG-treated LLC tumor transplant mouse model, namely, tumor growth inhibition (Figures 4A-4C ). Furthermore, the Ly6C lo M4 ratio in the total tumor-infiltrating M4 BMDMs showed upregulated HIF downstream gene expression ( Figure 4G ). Previous studies have demonstrated that HIF-1 participates in the M1 polarization of M4s in an infectious mice model (Andrejeva and Rathmell, 2017; Semba et al., 2016) . To assess this in a tumor model, M4-specific HIF-1-knockout mice (HIF1 fl/fl LysM-Cre) were employed. In HIF1 fl/fl mice, FG treatment inhibited tumor growth compared with that of vehicle treatment ( Figures S4F and S4G ). However, tumor growth was not significantly different between the vehicle-and FG-treated tumors of HIF1 fl/fl LysM-Cre mice (Figures 4H, 4I, and S4H). Taken together, these results indicate that the PHD inhibitor affects the HIF signaling pathway, especially the HIF-1 signaling pathway, in M4s.
FG Directly Activates Phagocytosis in M4s
M4s play an important role in the innate immune system by directly inhibiting tumor growth through phagocytosis (Fiumara et al., 1997; Guerriero et al., 2017; Ubil et al., 2018) . Therefore, we hypothesized that FG treatment induces M4s to activate phagocytosis and thereby inhibit tumor growth. To examine M4-engulfed tumor cells in the FG-treated tumor tissue, we used the GFP-labeled LLC tumor model and harvested tumors 48 h after FG administration; these FG-treated tumors did not show normalized tumor vessels ( Figures S2I and S2J ) and there was a significant increase in tumorphagocytic M4s (GFP + M4s; Figures 5A and 5B ). Furthermore, we did not observe significant differences in cleaved caspase-3 and Ki-67 expression between vehicle and FG-treated tumors ( Figures 1I-1L ).
Taking these results into consideration, we theorized that tumor growth was not inhibited because of apoptosis but possibly because of phagocytosis due to an increased number of phagocytic M4s within the tumor.
To further verify the direct effects of FG on M4s, a phagocytosis assay was performed using BMDMs in vitro ( Figure 5C ). The level of phagocytic M4s increased in BMDMs treated with FG ( Figures 5D and 5E ). In addition, we cocultured BMDM and LLC in vitro and found that the phagocytic ability of tumor cells in BMDMs was activated by FG treatment (Figures 5F and 5G) . Activated BMDMs continuously engulfed LLC cells (Figure S5A) . Therefore, our results indicate that FG directly affects M4s.
Next, we analyzed the duration of these FG direct effects on M4s. We changed the culture medium 12 h after adding FG and then evaluated phagocytic activity 5 days later ( Figure S5B ). The phagocytic activity of M4s observed following FG administration was absent by day 5 ( Figures S5C and S5D) , indicating that the direct effects of FG on M4s were lost at least 5 days later. We also harvested GFP-labeled LLC tumors 7 days after FG treatment (on day 16) when the TME had improved and then examined the tumors for tumor-phagocytic M4s in vivo. The increase in tumor-phagocytic M4s was maintained in-FG treated tumor tissues ( Figures S5E and S5F ). Thus, these results imply that TME improvement prolongs the antitumor effects of M4s.
To determine which Ly6C M4 populations activate tumor phagocytosis after FG treatment, we analyzed GFP + M4s levels, which were subdivided by Ly6C ( Figure S5G ). The ratio of GFP + M4s in the Ly6C-positive population (Ly6C hi and Ly6C lo ) were found increased on day 16 (Figures S5H) . To further test this, three separate fractions of M4s (Ly6C hi , Ly6C lo , and Ly6C neg M4s) were sorted from tumor tissues on day 16, and a phagocytosis assay was performed ex vivo ( Figures 5H and S5I ). Ly6C lo M4s sorted from FG-treated tumors showed a significantly higher ratio of phagocytic M4s than that of Ly6C lo M4s sorted from vehicletreated tumors ( Figures 5I and 5J ). The Ly6C hi M4 populations had a high ratio of phagocytic M4s in both groups and there were no significant differences between them, but there was a similar tendency toward 
Activation of M4s via FG Treatment Inhibits Tumor Growth
To examine whether activation of M4s by FG treatment inhibits tumor growth in a mouse model, M4s were sorted from vehicle-or FG-treated tumors on day 16. Sorted M4s were transplanted into day 10 tumor-bearing mice into the tumor locus ( Figure 6A ). Histological identification of transplanted macrophages indicated that the transplanted cells were widely distributed within the tumor ( Figure S6A) . Surprisingly, Ly6C lo M4s from mice subjected to FG-treated tumor transplantation showed inhibited tumor growth ( Figures 6B-6D ). We also performed the same experiment for Ly6C neg M4s from vehicle-and FG-treated tumors. Both Ly6C neg M4-transplanted tumors showed no significant difference in tumor growth ( Figures S6B and S6C ). Interestingly, these M4-transplanted tumors induced changes to the vessel structure; specifically, tumor vessel density was significantly decreased, whereas the vessel luminal area increased ( Figures S6D-S6F ). Furthermore, ZO-1 and NG2 expression was significantly increased in Ly6C neg M4-transplanted tumors ( Figures S6G-S6J ). These findings suggest that the Ly6C neg M4 population contributes to tumor vessel normalization.
Next, we examined whether Ly6C lo M4s, which were isolated from vehicle tumors and exposed in vitro to FG, could inhibit tumor growth in the tumor mouse model. Ly6C lo M4s sorted from vehicle-treated tumors were cultured with/without FG for 12 h and transplanted into tumor-bearing mice in the tumor locus ( Figure 6E ). FG-treated Ly6C lo M4-transplanted tumors showed significantly inhibited tumor growth ( Figures  6F-6H ). Thus, our results demonstrate that FG directly affects Ly6C lo M4s and induces their activation, thereby inhibiting tumor growth.
DISCUSSION
In this study, we demonstrated that FG treatment inhibits tumor growth by activating tumor-infiltrating M4s and normalizing tumor vessels via the PHD-HIF axis. We also characterized the tumor-infiltrating M4 population into three types, Ly6C lo , Ly6C neg , and Ly6C hi .
The Ly6C lo M4 population showed the most drastic change in phenotype after FG treatment. Tumor growth inhibition by FG was observed in the LLC and B16F10 tumor models, but the MC38 tumor model, which contained fewer Ly6C lo M4s, did not show tumor growth inhibition following FG treatment. A recent study showed that Ly6C lo M4s along the tumor margins can prevent cytotoxic lymphocyte infiltration into the tumor core (Beatty et al., 2015) . The lower the activity of cytotoxic lymphocytes in the tumor, the higher the malignancy of the tumor; consequently, the rate of tumor growth is thought to be faster (Fridman et al., 2012) . In fact, LLC and B16F10 tumors had a higher rate of tumor growth than did MC38 in this study. Taking these factors into consideration, the Ly6C lo M4 population may contribute to tumor growth. More importantly, our results showed that FG treatment can alter the Ly6C lo M4 phenotype to a phagocytic phenotype, which would show activity against the tumor. We further found that Ly6C neg M4s may be associated with tumor vessel normalization. When Ly6C neg M4s were transplanted into tumors, tumor-infiltrating M4s isolated from both vehicle-and FG-treated tumors altered tumor vessel structure. In addition, vessel formation was strongly induced in Ly6C neg M4s isolated from FG-treated tumors. These findings suggest that FG treatment also affects Ly6C neg M4, leading to tumor vessel normalization.
Ly6C hi M4s isolated from vehicle-treated tumors exhibited higher phagocytic ability than that of the Ly6C lo and Ly6C neg M4 populations in vitro. Furthermore, our results showed that FG may also activate the phagocytic ability of Ly6C hi M4s. Unfortunately, owing to their fragile expanded cell structure after engulfing tumor cells, it was too difficult to purify and isolate live Ly6C hi M4s from tumors in the transplantation experiment.
Recent studies demonstrated that TAMs simultaneously express both M1 and M2 markers (Azizi et al., 2018; Muller et al., 2017; Peterson et al., 2016) . In this study we used CD80 as an M1 cell surface marker and CD206 as an M2 cell surface marker. Consistent with recent reports, these markers were expressed in both vehicleand FG-treated tumor-infiltrating M4s, and there were no differences. We analyzed other cell surface markers, such as MHCII, but we were unable to observe any changes in expression after FG treatment. Furthermore, we examined gene expression levels in BMDMs treated with/without FG. FG-treated BMDMs showed upregulation of HIF downstream gene expression (VEGF, GLUT1, etc.) as well as M1 marker genes (iNOS, MHCII, IL-1b, IL-6, and TNF-a) and M2 marker genes (Arginase-1 and IL-10). Thus, it was too difficult to distinguish and determine M4 polarization using existing markers. The mixed phenotype of M4s, which consists of the inflammatory (M1) and anti-inflammatory (M2) phenotypes, may depend on the balance of each molecule.
A previous study demonstrated that heterozygous deficiency of Phd2 in endothelial cells does not affect vessel lumen size but normalizes the endothelial barrier and pericyte coverage (Leite de Oliveira et al., 2012) . Most of our results are in agreement with previous reports, but one thing was different; the vessel lumen area was found increased in this study. We previously showed that the PHD inhibitor elongates tumor vessel diameter (Koyama et al., 2017) and suggested that the tumor vessels were reconstituted after PHD inhibitor treatment. This may have resulted from PHD inhibitor treatment, which affects not only endothelial cells but also M4s and other cells.
Several studies have previously reported that tumor vessel normalization either did not changed the tumor size (Cantelmo et al., 2016; Mazzone et al., 2009) or increased tumor size along with change in apoptosis and/or proliferation (Folkman,1971; Krzywinska et al., 2017) . On the other hand, other studies have reported that vessel normalization alters the TME and activates anti-tumor immunity; therefore, vascular normalization is emerging as a strategy for enhancing cancer therapy (Quail and Joyce, 2013; Henze and Mazzone, 2016; Park et al., 2016) . In the present study, the expression levels of the apoptosis marker, cleaved caspase-3, and the proliferation marker, Ki-67, did not change in the FG-treated tumors. FG treatment not only led to normalization of tumor vessels and improved the TME but also directly activated phagocytosis in M4s. In addition, several studies have reported that M4s play an important role in the innate immune system by directly inhibiting tumor growth through phagocytosis without inducing apoptosis (Fiumara et al., 1997; Guerriero et al., 2017; Ubil et al., 2018) . Therefore, we argue that the tumor growth inhibition in FG-treated tumors is contributed by phagocytosis due to an increased number of phagocytic M4s within the tumor.
HIF stabilization in CD8 + T cells results in increased expression and release of important cytolytic molecules, such as granzyme B and perforin (Doedens et al., 2010; Palazon et al., 2014 Palazon et al., , 2017 . This suggests that T cells function in tumor growth inhibition. Consistent with this, we observed that T cells were slightly activated in B16F10 tumor tissues and circulating blood of B16F10 tumor-bearing mice after FG treatment. Therefore, in the B16F10 tumor model, FG may affect not only tumor-infiltrating M4s but also T cells. However, unexpectedly, T cell activation was not observed in the LLC tumor model and M4s were the primary factors after FG treatment. Further studies are needed to elucidate the role of the PHD-inhibitor on T cells.
We have previously shown that the PHD-HIF axis induces angiogenesis and promotes tissue wound healing (Koyama et al., 2017; Takaku et al., 2012) . In the present study, we used Vhl LysM Cre mice to confirm the main working mechanism of FG. VHL was associated with prolyl hydroxylated HIFs and promoted HIF degradation (Kaelin, 2008; Takeda et al., 2010) . VHL fl/fl LysM-Cre mice showed a similar phenotype as the FG-treated tumor, where tumor growth was inhibited, the Ly6C lo M4 ratio in the total tumor-infiltrating M4s increased, and tumor vessels were normalized. Thus, the PHD inhibitor may affect not only endothelial cells but also tumor-infiltrating M4s via the PHD-HIF axis. Moreover, HIF-1a drives a metabolic shift toward glycolysis and is associated with M1 polarization in an infectious mice model (Semba et al., 2016) . In this study, we showed that tumor growth was not significantly different between vehicle-and FG-treated tumors in HIF-1 fl/fl LysMCre mice, suggesting that HIF-1 may polarize M4s to an M1-like phenotype even in tumor-infiltrating M4s. Therefore, tumor-infiltrating M4s may change their phenotypes to that of antitumor M4s via the PHD-HIF axis after treatment with the PHD inhibitor.
In this study, we showed that FG inhibits the growth of tumors that are TAM abundant and contain few activated T cells in a subcutaneous tumor model. This tumor immune microenvironment is associated with tumor malignancy and results in therapeutic resistance (Binnewies et al., 2018) . Therefore, we chose this subcutaneous tumor model to identify the therapeutic strategies against these tumors. However, our model does not completely reproduce the local TME. Tissue-resident M4s respond to diverse environmental signals and have distinct global expression profiles (Lavin et al., 2014) . Therefore, orthotopic or genetically engineered mouse models are important for reproducing the local TME and evaluating the effect of FG treatment on tissue-resident M4s. However, we hope that our study may lead to the development of the therapeutic strategy against TAM-abundant tumors that contain few activated T cells.
In conclusion, we demonstrated that FG inhibits tumor growth by activating tumor-infiltrating M4s and normalizing tumor vessels and the TME via the PHD-HIF axis. In particular, FG treatment altered the Ly6C lo M4s phenotype, which is associated with tumor malignancy, to an anti-tumor phenotype. Therefore, the PHD inhibitor can potentially be utilized for promoting the anti-tumor potential of M4s to improve cancer therapy.
Limitations of the Study
In this study, we showed that FG treatment inhibited tumor growth by activating the phagocytic ability of tumor-infiltrating M4s via the PHD-HIF axis. However, we were unable to analyze the gene expression of activated tumor-infiltrating M4s in vivo. This is because activated tumor-infiltrating M4s had already engulfed LLC cells, and thus any internal controls were unsuccessful. Therefore, we alternatively examined changes in gene expression using FG-treated BMDMs. We are working on analyzing gene expression changes of activated tumor-infiltrating M4s after FG treatment for future studies. In addition, we chose a subcutaneous tumor injection model because we wanted to assess the effect of FG treatment on tumors that are TAM abundant and contain few activated T cells. Orthotopic or genetically engineered mouse models would be needed to precisely reproduce the local TME and evaluate the effects of FG on tissueresident M4s.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.08.033. 
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